Abstract
INTRODUCTION
Turbine blades rotate inside the engine at a speed up to 10 000 rev/min and the tensile stress up to 300 MPa. The blades are manufactured using a precise casting method [1] with a specially designed geometry [2] responsible for the strength and proper cooling of blades during service. Despite very difficult work conditions in modern jet engines, engineers are forced to "slim" the blades' walls by reducing the blades' overall mass, which results in increasing load on the body section of a blade. However, the uniformity of the wall's thickness has to be controlled during the manufacturing process.
Among the non-destructive methods that can measure the wall's thickness: active thermography [3] , X-ray tomography [4] , eddy current [5] , and the ultrasonic technique [6] , the last one is the most commonly used. In this work, the ultrasonic technique was used for investigation. The ultrasonic technique is based on measuring transit and return time of the longitudinal and transverse waves reflected from the opposite side of the wall. Measured transition time is converted into the velocity of the wave in the material measured. The speed of transverse waves propagating in a thickness direction was measured at two mutually perpendicular positions of the ultrasonic probe, i.e. perpendicular each other polarization. In the tests, an ultrasonic probe with a frequency of 5 MHz was used.
The value of birefringence is defined by the following relation:
where V T1 , V T2 -velocity of transverse waves propagating in the direction of the sample's thickness and polarized in mutually perpendicular directions.
The waves's velocity is affected by the material's structure, presence of grain boundaries [7] and crystallographic orientation. In the research presented, the influence of three different microstructures: equiax grain (EQ), directionally solidified (DS) and single crystal (SX) on the waves' velocity was investigated.
EXPERIMENTAL
Cylindrical shape model samples were designed and manufactured to obtain different structures identical as turbine blades castings. Nickel base superalloy Inconel 713C was cast into ceramic shell moulds. Equiax samples were manufactured using Vacuum Induction Melting method (VIM), polycrystalline structure were obtained with modified surface of ceramic mould [8] . Direct solidified and single crystal samples were manufactured by Bridgman technique [9] . All process parameters are presented in Table 1 .
Samples were etched to expose microstructure in a mixture of HNO 3 (20 g/l), HCl (300 g/l), FeCl 3 (160g/l), H 2 O (100 ml/l) at 50°C, time of etching was 30-60 seconds. Crystal orientation was measured using Ω -scan technique on X-Ray OD EFG diffractometer [10] . With the use of diffractometer the angle between one of the main crystallographic direction <001> and the direction normal to the sample surface were measured. Source of radiation Cu Kα =0.1542 nm was used. The diffractometer is able to map the surface sample with a single measurement point about 0.8 mm. Samples of 10 mm length were measured to evaluate velocity of longitudinal and transverse waves using 5 MHz transducers. 
RESULTS
The cross-sections of the samples obtained with different microstructure were firstly characterized by the Ω-scan technique to investigate the misorientation of the grains on the surface. Figure 1 presents the maps of misorientation from the samples' surfaces obtained by different solidification techniques. Samples of the equiaxed grains' structure were not fully characterized due to the fact that the beam diameter covered multiple oriented grains. The diffractometer software was not able to distinguish multiple orientations from more than one grain. Grains size varied from 0.5 to 2 mm while the alpha angle from 4 to 45 degrees. The directionally solidified cast revealed few grains on the measured surface whose alpha angle varied from 5 to 50 degrees. The single-crystal sample had a single grain with misorientation of about 1 degree and deviation of [010] direction from the sample axis equal to about 21 degrees. Figure 2 shows the microstructure of the samples obtained. 
CONCLUSIONS
This study shows that there are substantial differences in ultrasonic wave velocity and acoustic birefringence between different casting structures. Ultrasonic waves propagate fastest in the DS casting in [010] direction and are about 5% faster than the waves velocity in the EQ casting. The slowest longitudinal waves velocity propagation occurs in the SX casting in [010] direction. The difference between the DS and SX casting exceeds 500 m/s (8%). Taking this into consideration, the wall thickness evaluation should be preceded by the material structure analysis to prevent the measurement system from potential failure during calibration. Calibration plates for thickness measurement should be manufactured from a material which has the same chemical composition and similar material structure. The acoustic birefringence difference between the DS and SX casting exceeds 17%. The attenuation of transverse waves makes it impossible to obtain acoustic birefringence for the EQ casting. It gives the chance to develop a rapid method of type casting structure verification.
